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Raman spectroscopy is a powerful method for detecting micro-residues on stone 19 
tools. To further develop techniques for determining stone tool function, we devised a 20 
methodology using Raman microscopy to analyse in situ micro-residues before 21 
conventional usewear study. We analysed 18 stone artefacts collected in situ from 22 
Denisova Cave in Siberia, where excellent organic residue preservation is expected. 23 
We report here details of saturated and unsaturated fatty acids identified on eight 24 
stone tools from the Middle Palaeolithic levels. The spatial distribution of smeared 25 
fatty acids shows strong correlation with spatial distributions of usewear (particularly 26 
use-polish, but also striations, edge rounding and scarring) on each tool, 27 
demonstrating that these micro-residues are likely associated with prehistoric tool 28 
contact with animal tissue. We compared Raman spectra and the types, abundance 29 
and distribution of micro-residues on the Denisova Cave artefacts with those on 30 
modern experimental stone tools (with known function). The results provide further 31 
support for Middle Palaeolithic processing of animal tissue and probable skin 32 
scraping at Denisova Cave. 33 
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1. Introduction 38 
As underscored by previous analysts, the visual characterisation of micro-residues 39 
using optical microscopes is challenging when the residues lack distinct shapes or 40 
structures (Langejans, 2012; Monnier et al., 2012, 2017a,b; Wadley et al., 2007). In 41 
these conditions, micro-residues resulting from stone tool use also pose challenges 42 
because they are more difficult to distinguish from modern contaminants, mineral 43 
background or from the effects of post-depositional processes (Langejans, 2010).  44 
 45 
Spectroscopic analyses have been applied previously to characterise visible traces of 46 
glue and adhesive compounds, after macroscopic or low-magnification observations 47 
(e.g., Cârciumaru et al., 2012; Vahur et al., 2011). Similarly, microscopic usewear 48 
studies have been complemented by subsequent application of spectroscopic 49 
techniques (e.g., infrared and Raman spectroscopy) to residues potentially linked 50 
with utilised tool edges (e.g., Cesaro et al., 2012; Hogberg et al., 2009). Other 51 
studies have applied Raman or infrared spectroscopy at a later stage of functional 52 
analysis, to confirm origins of organic residues that were previously identified as 53 
distinct structures by optical microscopy (Monnier et al., 2013, 2017a,b). To confirm 54 
that micro-residues are related to prehistoric tool use and not the outcome of another 55 
agency (such as contamination from handling or sediments), it is important to assess 56 
multiple lines of evidence (e.g., Lombard et al., 2009), including micro-residue 57 
abundance and meaningful distributions (Rots et al., 2016). For example, micro-58 
residues that are distributed widely on artefact surfaces may potentially be a 59 
consequence of contact with sediment (or various taphonomic processes) rather than 60 
tool use, which typically constrains impacted residues close to used tool edges. 61 
 62 
Previous studies have shown that it is usually appropriate to record and document 63 
residues before undertaking detailed usewear analysis, which often requires cleaning 64 
of tools to observe wear on tool surfaces (Keeley, 1980). In situ, non-destructive 65 
study of residues should be undertaken before residues are removed for chemical 66 
and other testing. A common first step in study of tool residues is optical microscopy 67 
to identify tools and residues that may then be subjected to further testing. In this 68 
study, prehistoric stone tools were not first selected on the basis of optical 69 
microscopy or any macro-residues. Our study aimed to evaluate Raman microscopy 70 
(Raman spectroscopy with optical microscope capabilities) as a non-destructive 71 
method of in situ residue analysis independent of microwear analysis—‘independent’ 72 
in the sense that Raman microscopy is undertaken first and, thus, tools are not 73 
subject to residue alteration, removal or contamination by prior analysis. This 74 
independence, however, poses particular challenges when initial functional 75 
interpretations are not available to limit the areas of observation, or to suggest 76 
potential utilised materials, modes of use and utilised edges. First, the analyst is not 77 
assisted by prior optical microscopy cues or related techniques (e.g., chemical 78 
staining) to infer the nature or origin of residues. Second, to be viable and effective, 79 
the analytical technique must be rapid enough to efficiently scan and probe hundreds 80 
of micro-residues on stone surfaces and edges. The analytical technique should 81 
have the capacity for rapid chemical analysis (within a few seconds) to provide 82 
adequate sample coverage of tools, commonly with surface areas on the order of 83 
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~10–50 cm2. Relocating the same tool residue under different instruments would be 84 
very time consuming, so the use of a single instrument for optical microscopy and 85 
chemical analysis is highly advantageous. 86 
 87 
We argue that Raman microscopy is a viable ‘independent’ methodology for initially 88 
locating and analysing in situ micro-residues on prehistoric stone artefacts. Recently, 89 
we confirmed that Raman microscopy has particular advantages for the early 90 
examination of stone artefacts after initial screening with conventional 91 
usewear/residue observations (Bordes et al., 2017). Bordes et al. (2017) showed that 92 
Raman microscopy of unwashed artefacts can identify archaeologically significant 93 
organic traces with minimal artefact handling (to reduce the chances of 94 
contamination) and with minimal cleaning (<10 s ultrasonication in water); the latter 95 
removed loosely adhering sediment without dislodging residues related to tool use. 96 
 97 
To evaluate Raman microscopy as the first step of in situ residue observation (i.e., 98 
prior to conventional usewear/residue observations), we selected in situ artefacts that 99 
had been carefully collected from the Denisova Cave deposits for residue analysis. 100 
This site was chosen for study because it has excellent conditions for organic 101 
preservation over many tens of millennia, as shown by the survival of ancient DNA 102 
and collagen peptides in the skeletal remains of archaic hominins (Brown et al., 103 
2016; Meyer et al., 2012; Prüfer et al., 2014) and in the cave sediments (Slon et al., 104 
2017). To assist in interpreting our results, modern experimental tools were also 105 
analysed with Raman microscopy. 106 
 107 
2. Denisova Cave and artefact selection 108 
Denisova Cave is located on the northwest slopes of the Altai Mountains in southern 109 
Siberia. It provides an excellent geographic environment for evaluating our 110 
methodology, given the cold, relatively stable conditions in the buried cave deposits 111 
and an archaeological record that extends as far back as the late Middle Pleistocene 112 
(Derevianko et al., 2003, 2005; Slon et al., 2017). Archaic hominins (Denisovans and 113 
Neanderthals) and modern humans have occupied the cave at various times. 114 
 115 
The 18 stone tools reported here were collected in 2014 from Layers 15 to 11.4 in the 116 
East Chamber of the cave. These layers have yielded Middle Palaeolithic lithic 117 
artefacts, as well as the remains of Denisovans and Neanderthals (Brown et al., 118 
2016; Meyer et al., 2012; Prüfer et al., 2014; Slon et al. 2017). The stones were 119 
removed, with minimal handling, from the section walls and stored in plastic bags, 120 
which were left open to air dry before being sealed for transport to the University of 121 
Wollongong for analysis. Sediment samples were collected for each stone, and 122 
included: (1) sediment in contact with the stone surface (‘inner sediment sample’) 123 
and (2) sediment up to 3 cm distant from the stone surface (‘outer sediment sample’). 124 
 125 
Our objective was to assess how these stone tools were used and what plants and 126 
animals they were used to process. Preliminary studies of Pleistocene mammal 127 
remains in the East Chamber (Vasiliev et al., 2008, 2010, 2013, 2017) indicate the 128 
dominance of forest taxa (especially roe deer and Siberian red deer) in Layers 15 129 
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and 14, followed by a progressive increase in the proportion of steppe taxa in the 130 
overlying Late Pleistocene deposits. These environmental changes may have 131 
influenced hominin subsistence strategies and, hence, tool function. 132 
 133 
3. Methods 134 
3.1. Raman and optical microscopy 135 
Raman spectra were recorded with a WITec Alpha 300R confocal Raman 136 
microscope (WITec. Instrument Corp., Germany) equipped with two UHTS300 137 
spectrometers and two CCD detectors: (1) a visible DV401 detector for use with 532 138 
nm excitation; and (2) a DV401 detector for 785 nm excitation. The excitation 139 
sources were two diode lasers operated at 532 nm and 785 nm wavelengths with 38 140 
mW and 120 mW maximum power output, respectively. Zeiss microscope objectives 141 
(20 and 50 magnifications) were used, achieving a sub-micron resolution. The 142 
samples were placed on a piezo-driven, feedback-controlled scanning stage. 143 
 144 
To avoid contamination, artefacts were handled with nitrile gloves (latex, powder- and 145 
protein-free), and placed on a support fashioned by Blu-Tack® (a synthetic rubber 146 
compound) to accommodate its shape. This enabled the positioning of each sample 147 
under the Raman microscope with the incident light (laser) normal (i.e., 148 
perpendicular) to the point of analysis. The support was covered with a piece of nitrile 149 
glove to prevent contamination from the Blu-Tack®. Samples were stored in clean 150 
bags and boxes before and after analysis. 151 
 152 
Optical microscopes included an Olympus stereozoom SZ61 with external fibre optic 153 
light source, and an Olympus BX51 metallographic microscope with vertical incident 154 
illumination and 5, 10, 20 and 50 objectives. 155 
 156 
3.2. Analytical steps 157 
Artefacts were analysed in six steps (analyst(s) indicated below in parentheses), with 158 
extra Step 1a for the first five artefacts examined (details in Table 1): 159 
 160 
(1) Catalogue unwashed artefacts (E.H. and R.F.). 161 
(1a) Optical microscopy of microwear and residues on DC2, DC12, DC22, 162 
DC42 and DC52 (E.H. and R.F.). Following study of these initial five 163 
artefacts, Step 1a was eliminated to reduce the total analysis time, render 164 
the Raman microscopy independent of prior optical study, and reduce the 165 
chance of modern contamination. 166 
(2) Raman microscopy of residues on artefacts prior to cleaning (L.B.). 167 
(3) Ultrasonication of artefacts (L.B.). 168 
(4) Raman microscopy of residues and sediments (L.B.). 169 
(5) Optical microscopy and mapping of use-polish (L.B.). 170 
(6) Optical microscopy of usewear and residues (R.F. and E.H.). 171 
 172 
3.3 Experimental tools 173 
Experimental stone-tool residues of more recent age were analysed to aid in the 174 
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interpretation of residues on the Denisova Cave artefacts. The experimental tool 175 
residues included two sets, each of a different age: tools used ~30 years earlier (Set 176 
1; Fullagar 1986) and tools used up to ~9 months earlier (Set 2). See Table 2 for 177 
details. 178 
 179 
Set 1 included residues on four tools used to process animal tissue: (1) hornfels 180 
X290, used for scraping fresh skin (possum, Trichosurus vulpecula) for 5 min; (2) flint 181 
X284, used for sawing dry bone (cow, Bos taurus) for 20 min; (3) flint X288, used for 182 
cutting fresh meat (cow) for 20 min; and (4) flint X309, used for sawing fresh bone 183 
(cow) for 45 min. Residues on these four experimental tools were investigated 184 
specifically to study lipid preservation and characterise their Raman spectra after ~30 185 
years of storage in stable conditions (details in Table 2). 186 
 187 
Set 2 included residues on nine tools made of stones of similar rock types to those 188 
recovered from the Middle Palaeolithic levels at Denisova Cave (siltstone, quartzite, 189 
and fine-grained volcanic rock) and collected in the vicinity of the site. Tools D1–3 190 
were used to process deer bone and skin (removed from the carcass three months 191 
after death in Australia) and were analysed immediately or shortly after use. These 192 
tools were used for: extracting marrow/scraping bone (D1); sawing bone (D2); and 193 
scraping skin (D3). Five of the six remaining tools were used to collect and process 194 
plant materials found in the vicinity of Denisova Cave and documented in the 195 
palynological records (Bolikhovskaya and Shunkov, 2014; Derevianko et al., 2003): 196 
cutting fern (D4, analysed after two weeks); cutting and scraping rowan wood (D5, 197 
analysed after two weeks); cutting and scraping Siberian pine (D8, analysed after 198 
one month); cutting nettle (D9, analysed after nine months); and cutting birch wood 199 
(D10, analysed after one month). The sixth tool (D11) was used to cut and process 200 
tussock grass collected in Australia and analysed after one day. 201 
 202 
None of the experimental tools from Set 1 or Set 2 were washed or cleaned prior to 203 
analysis. Residues sometimes obscured part of the stone surface, but it was feasible 204 
to directly investigate residues and their association with edge-rounding and polished 205 
zones under the Raman microscope, and to record spectra and images for 206 
comparison with the optical microscopy data. 207 
 208 
4. Results 209 
The Denisova Cave artefacts analysed with Raman microscopy include seven flakes, 210 
seven retouched flakes and four other flaked pieces (Table 3). Lipid micro-residues 211 
were detected on eight out of the 18 artefacts analysed. Table S1 lists the Raman 212 
bands used for residue and mineral identification. 213 
 214 
Raman microscopy of artefacts before ultrasonication (Step 2) was limited because a 215 
thick coating of sediment hampered observation of organic residues and contributed 216 
to a high fluorescence background. Micro-residues detected at Step 2 consisted 217 
almost entirely of modern contaminants (e.g., plant fibres and modern dyed fibres on 218 
DC2 and DC12) and a few apatite micro-residues in the sediment attached to DC2. It 219 
was not possible to detect any residues on DC4 or DC13, due to the thickness of the 220 
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sediment layer attached. After 10 s ultrasonication (Step 3), distinctive distributions of 221 
micro-residues could readily be observed. Accordingly, the data presented below 222 
were collected in step 4 and step 5. 223 
 224 
4.1 Artefacts DC2 and DC12 225 
All residues were optically distinguished using the 50 objective, and, to avoid 226 
confusion with pseudomorph mineral grains, systematic Raman analysis was 227 
performed to confirm their chemical nature. Although the emphasis of this paper is on 228 
lipid residues, Table 4 presents a summary of all the micro-residues detected on 229 
artefacts DC2 and DC12 and their relative occurrence. Table 4 also summarises the 230 
minerals and micro-residues in the outer and inner sediment samples and in the 231 
washed sediment obtained during ultrasonication; the results for the inner and outer 232 
sediments are indistinguishable for each artefact, so they have been grouped 233 
together.  234 
 235 
Lipid micro-residues were observed on both artefacts as white solid features with a 236 
grainy texture (Fig. 1A–E). These discrete micro-residues, with clear shapes and 237 
boundaries, are labelled as individual micro-residues with similar Raman spectra 238 
(e.g., Fig. 1F). The spectra are typical of saturated fatty acids (SFA), characterised by 239 
very strong CH2 and CH3 stretching vibrations (2800–2950 cm
–1), bending CH2/CH3 240 
vibrational bands at 1466 and 1443 cm–1, a CH2 twisting mode at 1299 cm
–1, and C-241 
C stretching at 1132, 1104 and 1066 cm–1 (Czamara et al., 2015; De Gelder et al., 242 
2007). Additionally, three low-intensity broad bands at 1571, 1603 and 1657 cm–1 243 
occur in the spectra, indicating that other minor compounds may be present. The 244 
spectrum closely resembles that of palmitic and stearic acid and is similar to fatty 245 
acid spectra recorded on stone tools from Liang Bua (Bordes et al., 2017). Although 246 
it is possible to distinguish between saturated fatty acids based on the position and 247 
relative intensity of various bands, it is not possible for most of the spectra recorded 248 
here as the residues are mixtures and, in many instances, spectrum quality is not 249 
optimum. However, it is worth mentioning that all SFA spectra recorded on DC26 and 250 
DC27 are markedly different from the spectra recorded for SFA on the other artefacts 251 
(Fig. S1). The main difference is the lower intensity ratio of the CH2 twisting mode 252 
(1300 cm–1) and C-C stretching modes (1134, 1104 and 1067 cm–1) compared to the 253 
main bending CH2/CH3 vibrational bands at 1464 and 1446 cm
–1. This variation in the 254 
Raman signal may reflect differences in the ratio between palmitic and stearic acid.  255 
 256 
Another residue type was also observed as a thin film smeared on the surfaces of 257 
DC2 and DC12. These films were only visible microscopically, even for the 258 
apparently thicker smeared zones (Fig. 2) and they can be sometimes observed 259 
overlying and fitting polish striations (Fig. 2A,C,D) on DC2 and DC12, and on DC26 260 
and DC27 (Fig. S1A–D). The Raman spectra were identical to those obtained for 261 
individual SFA micro-residues, and spectral imaging confirmed their spatial 262 
distribution on the rock surface as thin discontinuous films (Fig. 3). To distinguish 263 
them from individual SFA micro-residues, we refer to them as ‘smeared SFA micro-264 
residues’. The intensity of the Raman signal decreased rapidly when the microscope 265 
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objective was moved slightly out of focus in either direction, whereas the mineral 266 
background signal increased with downward focusing, indicating that the films are 267 
only a few microns deep. Most surfaces covered with smeared SFA correspond to 268 
polished areas and the smears are not homogeneous in thickness, but infill the 269 
irregularities and cracks in the polished surface. Figure 4 shows the distribution of 270 
micro-residues on artefacts DC2 and DC12 in relation to areas and edges with 271 
polish. 272 
 273 
4.2 Artefacts DC4 and DC13 274 
Similar to artefacts DC2 and DC12, individual (Fig. 5A,B) and smeared lipid micro-275 
residues (Fig. 5C) were identified on artefacts DC4 and DC13 (Table 4), but some 276 
major differences were observed. Individual lipid micro-residues were found in far 277 
greater numbers on DC4 and DC13 (Fig. 4) and have a different appearance, namely 278 
a more delicate structure than the solid white micro-residues found on DC2 and 279 
DC12. In a similar way as DC2 and DC12, smeared micro residues can be 280 
sometimes observed overlying and fitting polish striations (Fig. 5C,D). Moreover, the 281 
micro-residues on DC4 and DC13 can be found clustered and more often 282 
concentrated around smeared residues (Fig. 5D). The corresponding Raman spectra 283 
have additional peaks at 1656 and 3010 cm–1 (C=C stretch cis isomer and =C-H 284 
stretching, respectively) and a shoulder centred at 1260–1270 cm–1 (=C-H 285 
deformation) (Fig. 5E and 6A,B), which can be attributed to unsaturated fatty acids 286 
(Czamara et al., 2015; De Gelder et al., 2007). The presence of another C=C stretch 287 
band centred at 1679 cm–1 suggests the presence of a trans isomer (Czamara et al., 288 
2015) and a band at 1610 cm–1 (Fig. 6A) might be attributable to a conjugated cis 289 
isomer mode with multiple C=C-C=C modes (Melchiorre et al., 2015). Presence of 290 
these unsaturated spectral markers indicates that individual and smeared lipid micro-291 
residues on DC4 and DC13 are a mixture of saturated and unsaturated fatty acids. 292 
We refer to these micro-residues as ‘SFA/UFA’ to distinguish them from micro-293 
residues of pure SFA composition found on DC2 and DC12. 294 
 295 
4.3 Experimental stone tools 296 
The analysis of residues on experimental tools used to process known materials 297 
provides a basis for interpreting the mode of deposition of lipid micro-residues on 298 
archaeological artefacts and detection range of Raman spectroscopy. Table 2 299 
summarises the micro-residues detected on the experimental tools, including 300 
information on their relative abundance, worked material, tasks performed with the 301 
tool, and time elapsed before analysis. 302 
 303 
The material processed using the tools can be divided into animal and plant groups. 304 
The experimental tools from Set 1 were used to process animal tissue ~30 years ago 305 
and the residues identified include individual and smeared saturated fatty acids, bone 306 
and collagen. Set 2 experimental tools D1, D2 and D3 were used to process bone 307 
and skin; the resulting residues are analogous to those found on archaeological tools 308 
DC4 and DC13, with some residues consisting of SFA/UFA mixtures (e.g., D3 in Fig. 309 
S2). Hence, for the experimental tools used ~30 years ago and since stored at 310 





The most common residues identified on the Set 2 tools used to process fresh plant 314 
material (fern, rowan, Siberian pine and birch bark) include plant fibres, wood fibres 315 
and, in a few instances, carotenoid pigments (on D4, used to cut fern). Interestingly, 316 
for the tool used to cut nettle (D9), a plant rich in natural oils, the Raman spectra are 317 
comparable to those documented for tools used to process deer fat and for Denisova 318 
Cave artefact DC4 and experimental tool D3 (Fig. 7). Consequently, the spectra of 319 
saturated and unsaturated lipids obtained for these experimental tools are not 320 
diagnostic of the material processed, but, nevertheless, the relative abundance of 321 
micro-residues can provide complementary information. Indeed, Table 2 shows the 322 
relative amounts of residue types for the experimental tools used to process different 323 
materials, and their association with other tool residues. Bone and collagen residues 324 
were most common on artefacts used to saw or cut bone, while collagen fibres and 325 
smeared proteins were more common on tools used to cut meat. Scraping animal 326 
skin resulted in numerous fatty acid residues, some occurring as discrete residues 327 
with a specific shape (Fig. S2) and others spread over a large area (Fig. S3), often 328 
covering continuously parts of polished tool edges. The relative abundance of lipid 329 
micro-residues varies widely among the experimental tools used for processing 330 
different plants (Table 2) and smeared lipids were also observed, but not in such 331 
large numbers as lignin and cellulose plant fibres. 332 
 333 
5. Discussion 334 
As lipids are expected to be relatively well preserved compared to carbohydrates, 335 
proteins and nucleotides, they are excellent candidates for use in archaeological 336 
investigations (Evershed, 1993; Luong et al., 2017). Lipids occur as triglycerides 337 
(esters of glycerol and three fatty acids) in both plants and animals, but over time 338 
break down to glycerol and free fatty acids. Under ideal preservation conditions, 339 
saturated and unsaturated fatty acids have been shown to survive well in mammal 340 
remains found in permafrost, as identified by gas chromatography-mass 341 
spectrometry (GC-MS) (e.g., Guil-Guerrero et al., 2014). GC-MS has also revealed 342 
the occurrence of lipids on archaeological artefacts, including a 9000-year-old pottery 343 
sherd from the Jomon site in Japan (Lucquin et al., 2016) and a collection of burnt 344 
rocks from a Late Archaic Period site in south Texas (Buonasera, 2005). 345 
 346 
We consider the lipid micro-residues documented on the Denisova Cave artefacts to 347 
be use-related, because: (1) they are distributed along the working edges in 348 
correlation with polished zones; and (2) they are absent from the sediment samples 349 
and on unused portions of the stones. SFA micro-residues were found on four 350 
artefacts (DC2, DC12, DC26 and DC27), corresponding to two different Raman 351 
spectra (see distinction between SFA and SFA' in Table 3). SFA/UFA mixtures were 352 
found on four other artefacts (DC4, DC11, DC13 and DC39). Figure S4 shows the 353 
distribution of micro-residues on artefacts DC11, DC26, DC27 and DC39 in relation 354 
to areas and edges with polish. We regard the micro-residues on DC4, DC11, DC13 355 
and DC39 as the best preserved, for two reasons: (1) saturated fatty acids have a 356 
higher melting point than unsaturated fatty acids (for fatty acids of similar carbon-357 
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chain length) and are solids at ambient temperature, whereas unsaturated fatty acids 358 
are liquid (oil); and (2) unsaturated fatty acid micro-residues degrade over time into 359 
saturated fatty acids (Regert et al., 1998). 360 
 361 
Our experiments have indicated that spectral signatures of lipid micro-residues alone 362 
may be insufficient to identify the worked material, as the spectra cannot at this stage 363 
distinguish definitively between plant and animal residues (Table 2 and Fig. 7). For 364 
the Denisova Cave artefacts, we also have to incorporate other observations to infer 365 
tool use. We suggest that micro-residues of plant or animal origin may be 366 
distinguished on the basis of: (1) how they appear on each artefact surface (i.e., as 367 
individual or smeared micro-residues); and (2) their relative abundance on the tool 368 
surface. Analysis of our experimental tools indicates that lipid micro-residues occur in 369 
relatively high abundance on tools used to work animal materials (Table 3). Tissue 370 
layers under skin and fresh bone marrow are rich in fat, leading to a larger quantity of 371 
smeared and individual lipid micro-residues along the utilised portions of the tools. 372 
 373 
Fatty acid micro-residues can occur on tools used to process both plant and animal 374 
tissue, but fatty acids occur less frequently than other plant tissues on tools used to 375 
process plants. Previous studies in archaeological contexts have indicated that lignin 376 
and plant polymers are less susceptible to structural modification and degradation 377 
than lipids (Evershed 1993), so plant residues are expected to be more abundant 378 
than lipids on archaeological tools used to process plant materials. The presence of 379 
fatty acid micro-residues on several artefacts (DC2, DC4, DC12, DC13, DC26 and 380 
DC27) on which plant tissues are mostly absent might indicate, therefore, that the 381 
fatty acids derive mainly from processing of animal tissues, rather than plants, 382 
thereby supporting our interpretation that these tools were used to work animal 383 
materials. Plant tissues occur in very low frequencies on DC1 and DC2 as isolated 384 
plant fibres and as starch grains on DC4 (n = 1) and DC12 (n = 2). Given these rare 385 
occurrences, we cannot confidently link them with the main use of these artefacts; 386 
they may instead be incidental or derive from modern contamination. 387 
 388 
Small particles of apatite are present on the Denisova Cave artefacts, but these 389 
cannot be clearly related to their use. Apatite was common on all 18 artefacts and 390 
may be a degradation product from bone apatite or precipitated from the sediment. 391 
Solid bone fragments were not optically identified, however, and the distribution of 392 
apatite crystals displayed no apparent patterning and was not associated with other 393 
wear traces, such as polish. In addition, artefacts recovered from Layer 11.4 had a 394 
continuous layer of apatite extending across entire surfaces, indicating that the 395 
apatite probably derives from the surrounding sediment. Analysis of the latter 396 
confirms this interpretation, with phosphate particles being the most common mineral 397 
grains identified in all sediment samples. 398 
 399 
The presence of individual and smeared SFA and UFA micro-residues, with the 400 
absence of bone and plant micro-residues, indicates that the Denisova Cave 401 
artefacts were most likely used to work animal skins. This interpretation is in 402 
agreement with the subsequent studies of usewear in Step 6 (Table 3). Raman 403 
10 
 
microscopy and conventional usewear and residue analysis are complementary 404 
approaches, each offering the potential to provide unique information about tool 405 
function. Raman microscopy can provide greater detail about the worked materials 406 
and is especially useful when inferences from conventional microscopy are 407 
ambiguous (e.g., DC26, Table 2). 408 
 409 
6. Conclusions 410 
Determining the origins of micro-residues and how these relate to prehistoric tool use 411 
is necessary for robust functional analyses. For a residue to be considered related to 412 
tool use, multiple organic micro-residues need to have a demonstrated relationship 413 
with distributions of polish and other usewear. Our study shows that the high spatial 414 
resolution of Raman microscopy makes it a valuable technique for determining the 415 
probable origin of residues on stone tools. Moreover, we have shown that Raman 416 
microscopy can be particularly useful when deployed prior to conventional usewear 417 
and residue analysis, and can reliably identify individual and smeared micro-residues 418 
that may be directly related to tool function. Raman microscopy and conventional 419 
usewear and residue studies provide a complementary means of inferring tool 420 
function. 421 
 422 
We have been able to infer the function of Middle Palaeolithic tools that were 423 
probably used to work animal tissues at Denisova Cave. Comparison of the 424 
archaeological micro-residues with aged and fresh micro-residues on experimental 425 
stone tools supports our hypothesis of animal skin processing as the main function of 426 
at least four tools (DC2, DC4, DC12 and DC13) recovered from Layer 11.4 in the 427 
East Chamber of Denisova Cave. In this study, we have focussed on linking the 428 
spatial distribution of micro-residues as determined with Raman spectroscopy to 429 
polish/usewear distribution, and identified three different fatty acid Raman spectral 430 
signatures. A more in-depth study of individual spectra, complemented by GC-MS 431 
analyses of residues on these and other artefacts, will provide additional information 432 
on the nature of the residues. Our study highlights the potential for Raman 433 
microscopy to be applied at an early stage of artefact analysis before conventional 434 
usewear and residue investigations, and to assist interpretations of resource use and 435 
subsistence behaviour by archaic and modern humans. 436 
 437 
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FIGURE CAPTIONS 619 
 620 
Figure 1. Images of individual saturated fatty acid micro-residues detected on 621 
artefacts DC2 and DC12 (A–E) and a typical Raman spectrum (F). 622 
 623 
Figure 2. Example images of saturated fatty acid smeared areas on DC2, dorsal side 624 
(A), DC2, ventral side (B), DC12, dorsal side (C) and DC12, ventral side (D). Double-625 
headed white arrows show visible striation directions. 626 
 627 
Figure 3. Raman spectral image of smeared saturated fatty acid on the proximal left 628 
edge of artefact DC2, using the integrated area of the most intense Raman bands (C-629 
H stretching). 630 
 631 
Figure 4. Distribution patterns of fatty acid micro-residues and polished areas on 632 
artefacts DC2 (flake), DC4 (flake), DC12 (flake) and DC13 (retouched flake). In each 633 
image, the proximal end is up. 634 
 635 
Figure 5. Individual mixed SFA/UFA micro-residues on artefact DC4 (A) and (B), 636 
smeared mixed SFA/UFA micro-residue on DC4 (C), association of individual mixed 637 
SFA/UFA micro-residues around a central smeared mixed SFA/UFA micro-residue 638 
(D). Double-headed white arrows show visible striation directions. Typical Raman 639 
spectrum for a mixed SFA/UFA micro-residue (E). 640 
 641 
Figure 6. (A) Low wavenumber (1100–1700 cm–1) and (B) high wavenumber (2700–642 
3100 cm–1) spectral ranges for saturated fatty acids on DC2 and DC12 (thin lines 643 
labelled ‘a’) and for mixed SFA/UFA micro-residues on DC4 and DC13 (thick lines 644 
labelled ‘b’). The unsaturation spectral markers are highlighted. 645 
 646 
Figure 7. (A) Low wavenumber (800–1750 cm–1) and (B) high wavenumber (2600–647 
3100 cm–1) spectral ranges for SFA/UFA micro-residue Raman spectra on Denisova 648 
Cave artefact DC4 (spectrum ‘a’), experimental tool D9 used to cut nettle (spectrum 649 
‘b’), and experimental tool D3 used to scrape deer skin (spectrum ‘c’). 650 
Table 1. Summary of analytical steps 
 
Step Description 
1. Catalogue of unwashed artefacts  
Each artefact was photographed and examined under 
low magnification to determine artefact class (e.g., core, 
flake) and to document potential traces of use. 
1a. Optical microscopy of microwear 
and residues on selected tools  
Five artefacts (DC2, DC12, DC22, DC42 and DC52) 
were examined under high magnification and sampled 
for residues with distilled water. 
2. Raman microscopy of residues on 
artefacts prior to cleaning  
Unwashed artefacts with sediment attached were 
examined with the Raman microscope. 
3. Ultrasonication of artefacts  
Artefacts were ultrasonicated for 10 s to remove loosely 
adhering sediment, and then air-dried. The sediments 
were recovered and dried in an oven for 12 hours at 
70°C. 
4. Raman microscopy of artefact residues 
and sediments  
Clean artefacts were re-examined with the Raman 
microscope by systematically scanning all artefact 
edges with a 50 objective on both sides (dorsal and 
ventral), within a strip approximately 200 μm from the 
edge. The remaining artefact surface was scanned with 
a 20 objective to confirm the extent and depth of 
micro-residue concentrations. The sediment removed 
from the artefacts and oven-dried was also analysed 
with the Raman microscope. 
5. Optical microscopy and mapping of 
use-polish 
Artefacts were examined under high magnification, 
vertical incident light to map the distribution of use-
polish along any utilised edges. Use-polish was 
described as one of three qualitative forms: (1) 
continuous polish present in narrow bands along an 
edge or in continuous alignments away from the edge; 
(2) discontinuous polish along part of an edge and 
scattered alignments or zones of polish on surfaces 
away from the edge; and (3) developed polish extending 
both along the edge and away from it. 
6. Optical microscopy of usewear and 
residues 
Clean artefacts were examined under high 
magnification stereo and vertical incident light 
microscopes to characterise use-polish and other traces 
of use to identify the worked materials and modes of 
use (e.g., cutting, sawing, scraping). 
 
Table
Table 2. Summary of experimental micro-residue analysis 
 
Artefact Material worked 
Aging 
time 

















Dry cow bone 
(Bos taurus) 
30 years Sawing Bone + collagen 
Smeared bone 







Meat (Bos taurus) 30 years Cutting Collagen fibre 








Fresh cow bone 
(Bos taurus) 
30 years Scraping Bone + collagen 









Fresh fallow deer 
bone (Dama 
dama) 
3 months Cleaning 
Extracting marrow 
Scraping 
Smeared bone + collagen 
Bone + collagen 





Fresh fallow deer 
jaw bone (Dama 
dama) 
 
3 months Sawing Bone + collagen 
Smeared bone + collagen 







Fresh fallow deer 
skin (Dama dama) 
3 months Scraping Smeared mixed SFA/UFA  
Individual mixed SFA/UFA  


















2 weeks Cutting 
Scraping 
Wood fibre 























9 months Cutting Plant fibre 
Smeared mixed SFA/UFA  





Birch bark (Betula 
pendula) 
1 month Cutting Smeared wood 
Wood fibre 







1 day Cutting Plant fibre 
Smeared plant fibre 
Smeared mixed SFA/UFA  









SFA: saturated fatty acids 
UFA: unsaturated fatty acids 
SFA/UFA: saturated fatty acid /unsaturated fatty acid mix 
 
Table
Table 3. Comparison of proposed prehistoric use of the artefacts based on 
Raman spectroscopy and optical microscopy results 
 






















ND NA Uncertain  Animal  Scraping, cutting 
DC2 11.4 Flake SFA Animal fat Cutting Animal  Cutting 
DC4 11.4 Flake Mixed SFA/UFA 
Animal fat 
 
Scraping, cutting Uncertain  Uncertain  







Scraping Animal skin Scraping 










ND NA Not used  None Not used  






















DC14 13 Flaked piece ND NA Not used  None Not used  





















DC22 15 Flaked piece ND NA Not used  None Not used  
DC23 15 Flaked piece ND NA Not used  None Not used  
 
NA: not applicable 
ND: not detected  
SFA: saturated fatty acid  
SFA': saturated fatty acid with different composition 
SFA/UFA: saturated fatty acid /unsaturated fatty acid mix 
 
Table
Table 4. Summary of Raman results for artefacts DC2, DC12, DC4 and DC13 
 
Artefact 
Organic and mineral 
residues on artefact surface 
Minerals and residues in 
inner and outer sediment 






Apatite (very common) 
Smeared SFA (common) 
Individual SFA (common) 
Protein (uncommon) 
Starch grain (uncommon) 
Plant fibre (uncommon) 
Cellulose fibre* (rare) 
Plastic box* (rare) 














Apatite (very common) 
Smeared SFA (common) 
Individual SFA (uncommon) 
Protein (uncommon) 
Plant fibre* (uncommon) 
Starch grain (uncommon) 
Unknown small fibre* (rare) 
Plant fibre dyed* (rare) 
















Apatite (very common) 
Individual mixed SFA/UFA 
(common) 





Starch grain (rare) 
Calcite (uncommon) 




Plant fibre (rare) 










Apatite (very common) 
Smeared mixed SFA/UFA 
(uncommon) 
Individual mixed SFA/UFA 
(uncommon) 
Protein (rare) 
FA fibre (rare) 











Very common: micro-residues are widespread and found very easily 
Common: micro-residues detected easily, but only in limited areas or with specific distributions 
Uncommon: micro-residues not easy to detect and occur in fewer numbers in spatially constrained areas 
Rare: micro-residues found very infrequently on the artefact and in the sediment 
NC: not counted 
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